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SUMMARY

Calculation is made of the settled distribution of ozone
density in the atmosphere as a function of the altitude and in the
presence of air circulation as a function of the latitude of the

spot.

L] *

It is experimentallv established that the ozone content in
the stmosphere and its distribution in height depend essentially on
vertical and horizontel air flows in the atmosphere [1]. Accordingly,
trhe distribution of ozone may serve as an iunportant indicator of
atmospieric processes and even of syncpitic position. This adds to
the investigation of ozone and of its variation at terrestrial globe's
scale a direct practical interest.

Theoretically, the influence of purely vertical flows upon
the distribution of ozone has been considered in tﬁe work [2].

\le shall consider in the current work the influence of ozone
distribution of a concrete scheme of general atmosphere circulation,
including the vertical and horizontal branches of the flow.

* 0 RASCHETE VLIYANIYA ZAMKNUTOY VOZDUSHNOY TSIRKULYATSII NA RAVNO-
SNOYE RASPREDILENIYE OZONA V ZEMNOY ATMOSFERE |




Eepecially considered here is the closed air circulation [3],

of which the vertical and horizontal velocity components V. and V¢,

teking into account the continuity equation for an exponentially decrea=-
seing air density with height, may be written in the form
Ve == Vooxp{(p — 2(R) (r — Rg)} cos b(r — R) sinaR (¢ — o) /sin g, (1)

Vo = —hVoexp {(n—2/R) (r— Ra)} sinb(r — R) cosaR(p — go) /asing.

Here r is the radius-vector directed from the center of the
Barth; R is the distance from the center of the Earth to the altitude
of the center of the flow region; Rp is the radius of the Earth; ¥ is
the supplement to the latitude; ¢,= %/ 4 is the angle of the region's
center ; Vo is a parameter describing the magnitude of the velocity;
J= 0.125 knl is a cuantity, inverse to the "height of uniform atmo-
sphere'", characterizing the rate or the rapidity of air density decrease
with h:aight [4); a and b define the dimension of the flow region in
such a fsshion, that V, = O at the 'northern and southera boundaries
of the region and —Vr = 0 st the upprer and lower ones, that is

a= “/ZRIA(Pmax‘, b= “/zlArmaxl,

where A(pm;.x and Armax are the maximum deflections of ¢ and r from
the correcsponding coordinates of the center of the region.
The flow with velocity corponents (1) will have the form indicated

by arrows in Fig.1l.

In this region the continuity
N equation for ozone density is resolved
—_ X with the right-hand part, depending on
the diffusion and on photochemical pro-
cesses in the atmosphere, determining

the formation and the destruction of ozone

9p]dt + div (pV) = a(ps— p) + DV2p, (2)

where V 3is the flow velocity vector:; & is

Fiec. 1 a gquantity, inverse to the time of ozone
- semi-reduction; D is the diffusion coef-

ficient; ?0 ie the ecuilibrium density of ozone at V =0, conditioned




only by photochemical processes. It is admitted that

po = 17 (H — 10)3 e-025H (1 + sin 29) o < n/4,

[1+ (2 —sin 29)] @ > a/4, Q)

where H is the altitude above the sea level.

The distribution of ozone is searched for in a settled air flow,
in which dp/dt=0. In *re first approximetion, considered in the pre=-
sent paper, tke irfluence of diffusion is not taken into account, that is
D =0. ’

Under these essuritions the equation (2) will have the form

dpVr) | 1 8(pVe) | 2pV:  pVoctge

liere div (fV) ic exprested in eoherical coordinates with two
veriables and not in polar, so as to take into account the simplest way
possible the convergence of meridians toward the pole, The unique solu-
tion of the equation (4) will be separated, if we start from the condi-
tion of ozone dencity continuity, which is determined by different
metrtods in the four sub-rerions of our re-ion, but must coincide on
their borders. Ve shall dwell w'on this at further length below.

After sutstituting in it Vr_ and V accordineg to the exprescion
(1), the ecuation (&) »ill tr-nrform inrto B

dp g b . .
-(—);COS b(r—R) -—a—(;--;—ﬁ-tlg, aR(@— qo)sinb(r— N)=
’ a ap
= -o[ucosb(r—1?)+vg‘b(r. cp)]+—"7:—¢(r. ?), (5)
wnere 2 \ sin @
O (r, Q) = Q.‘Xp( n—”ll) (l‘—Ra) m.

This linear inhomogenous equation ir resolved in partial deriva-
tives of first order by the standard method, with the aid of integration
of an auxiliary system of ordinery differential equations [6] :

¥ de |
cosb(r—R) betgalR (o — @o)sinb(r — Ry /alt —
dp
= Tolweos b=+ a0 (r, )/ Vol +apsd(r, 01 /%" O




The firet integrel of this system, which is easy to obtain by
integrating the first equation of the system, hes the form

cos b(r — R) cos alR (@ — o) = C. (7).
After that the solution of the ecuation amounts to integrating

the linesr ordinory differentisl ecuation oi the first order

(8)

dp a @9 _ 9 _ Q9
21F+["+W cosb('—R)] ~ Vo cosb(r—R)’

where < is exprecszed through r with the help of (7); this equation (8)
may be written in a shorter form as follows
dp[dr+ p(r, c)p = f(r, c). - (8a)
The dependence of ozone distribution on prhotochemical processes

is manifest, strongest of all, at heights of 20 to 30 km; that is why

we nay assort a function, describing the true course of &« precisely in

that interval. On the basis of experimental data and computations by

Kondrat'yeva, the following is chosen :
@ = age®H = (. 1()~13¢05! goc =4 ®

The flow rerion is taken in height from 2.5 to 37.5km above
~round (the center is rituzted at the height of 20 km) and in latitude,
from pole to ecuator (center at Y= /4 ), Thie is attained by the fact
that we esreune 'd=0,09, aR = 2; then b/a = 287.

The solution of the eguation (8a) has the form

o(r, c)==Coxp{— Sp(r c) dr}-i— exp{—- Sp(r, c)dr}x
X)IU' C)e\pU pir w}w 9

At ¢ = T/ 4, the quantities p(r, ¢) and f(r,c) pass to infinity;
however, it may be shown that in that case the solution will be finite
(as should be expected). From the physical standpoint‘ it means that the
variation of ozone density in height is not manifest in the solution on
the line %/ L4, since vertical air flows are absent on that line.

In order to effect the integration in the right-hand part of the
equality (9), the trigonometric functions in the erpressions p (r,c), f(r, c)

® Such an exprecsion for & is selected on the basis of calculations of
the time of ozone reauction, broucht out in the thesis by A.V.Kondrat'yeva,
at the Fhysical Faculty of the Moscow State University (MGU), 1962.
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must be approximately represented in the form of volynomiale from
x mbh (h=Ha 2,5km). these nolynoniale hevinp & different form at
9<n/4é and 9>a/4 At 9 >=n/4 ell the functions will have the :Lndex 1,
and at 9 > /4 —= the index 2.

By the strength of continuity of the solution at ¥ = /L, its
Joining will be achieved, that is, we postulate that p(r,n/4) = pa(r,n/4).

It is admitted approximately that
( [(0,05 — B4c") 2 — (0,314 — 401,02¢%) 23 +
+ (0,84 — 054,h0c%) 28 — (1,088 - 1015,84¢%) z

sing + (0,70 — 412,684¢%)] o < n/4

~N ] Y fP AT 10

oonb(r—R)sinaR{®=96) 1 (0,125 - 04e") 2t — (0,785 -+ 401,02¢%) 2 + (0
+ (2,000 4 054,30¢") 2 — (2,12 + 1015,840) z +
=+ (1,870 4- 412,584c%)] nt ¢ > n/4,

The expressions (10) decrease our flow rogion. for they canbe
utilized only in specific intervels of H and ¢ varistion. We shall
effoct computatione for the region bounded by 10 and 30 km heighta and
by 20 and 70° latitudes. |

The exprersaions (10) poorly approximete the initial function at
@ cloma to T/ 4, That 4¢ vhy in the bsnd 42.5‘<q)<47.6" the caloula-
tiapn w111 not be conrdicted and it will be approximately admitted that
P1(®,42,0°) wm pa(2,47,0°), Thir is admissidle, for in that region the vertical
plr currento arc very woak , while they basically determine the ozone
donsity gradient (as will be meen below).

Utilieing this condi.tién of oontinuity, we may write the solution,
independently from the joining at 9 wm k2.5 == 47,59,

l‘m(&‘. ¢) |lE!| - Fial® @) ;:sn li'.‘.!f!:i!\.

Pa(z, @) = Piale) =p Pis(z,0) Pia(zie) " Pia(z,0)’ d

where
Py, s(® 0) = oxp {S P2, g)d’}a
Pui(a,0) = § futee)exp {§ pu(e,)da }Jda,
while the molution dependent on the joining ia
Pyi(2, 0) [s=x) Pis(2, €) [o=0, - Pia(®, o) o=y Fau(2, 0) |v=r,

Pra(®: @) _E Pia(e) " Pas(® 0) [e=ri Pral2, €) P11 (2, 0} [o=ei Pra (2, 0) +
Pra(z, 0) le=ns Fus (2, 0) o= _ F1a(®, 0) le=us , Fra(a e) (12)

T Paa(2, 0) (o= Pra(z, 0) ~ Pulme) " Pu(so)’




where upon integration, ¢ is substituted by its expression in (7). -
W, = 42.5 or 47,5° correspond to the value of x at H =20km, ?“ (¢) is
the ozone density at H =20km.

The functions pi(zc), p(z,¢), fi(z, ¢), f2(z,c) represent the products of
the polynomial from x on the exponent. The expressions of the type
§fi(z, c) exp {§ pi(z, c)dr}dz (i=1, 2) will be integrated by expanding the exponent
into series and limiting ourselves to two terms, '

The ozone density 91 in the region I (Fig.l) is determined by the
formula (11), the density §, in the remion II — by the formula (12), the
dencity p,in the rerion IIT — by formula (11) and the density pp in the
recion IV — by formula (12), At the level x=x, (A =20km ) the ozone
dencity may be estimated sinmltaneouély for the regions I and IV, when
¢ <@ and for the regions II and III when ¢ =@ , By the strength of
continuity of the function r(x, ¥ ) the values of this function at X =X
are equated at each point, the value of ¢* (¢) — density of ozone at H=
=20 km, being matched according to the obtained sequence of points. Thus,
by the strength of the closed condition of current lines, the "boundary con-
dition" is not pre-assigned, but is obtained from the solution itself and
has the form
at Vg =10"" mk/sec 3

p1* (p) = 215(1 + exp {—10/ |o — 45°(}),
p2" (p) = 215(1 — exp {—10/ | — 45°|}),
at Vo =2 107 kn/sec : | (13)

PI.((P) — 215(1 + exp (-—5/|(P ""/‘50”)c
pz* () = 215(1 — exp {—12,5 [{p — 45°(}).

The ozone density was computed at every 5° latitude from 20 to 70°
end at every 2kmof altitude from 10 to 30km. Above 30km the computation
mey no longer be conducted in such a fashion, for the ‘restriction of expon-
nent expansion in series to two terms will already be insufficient. Our
scheme supposes, that above 37,.,5km the air currents are gemerally absent,
and that beginning at about "5 km they are very weak, so that the ozone
distribution may be estimated as of this level to be near the p-otochemical.
In the altitude range 30~ 35km the approximate course of ozone density is
interpolateds
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The calculations were made for two different velocities Voo
determining the intensity of the whole circulstion: 10~ and 2 <10~/ km/ sec
The ousntity Vo=-10"7 km/sec correrponds to the maximum verticsl velocity
~ 0.4 cn/sec and maximum horizontal velocity ~ 1.3 m/sec.

The examples of the results of equilibrium distribution of ozone density
obtained from formulas (11) and (12), in the presence of atmosphere cir-
culation at ¥ = 35, 50, ( :, 70°, are plotted in Fig. 2.

The curves for the density of ozone are plotted in das es for

Vo= 10"7 kn/sec and by dash-

Moy .
dots for V, =2 .107 7km/sec. 17 . o Hon
The solid line represents the 35k pds®
distribution of fo at Vo =0 n
in accordance with the expres- J";
sion (3), 37
It may be seen from the- :,7i- .
se curves, that the indicated 5 ,/)/)
atmosphere current scheme giver Pt
s dietribution of ozone, coin-. A .w w}
ciding on the whole with the "'”’} cia,t
¢overimentsl deta. Thus, in hicgh 1atitudea, vhere the descend:.ng air
H owu ) currents are strongest, a sharp increase
“wr of the total ozone content is observed,
. ," o, xr alongside with a lowering of the
N 40

maximum and an increase in
ozone concentration in it,

- pett As to the lower latitudes,

~ where updrafts are greatest,
the total ozone content
drops sharply, the maximum
is shifted upward, and the

Jg

Ji
5

PA)

20
0
concentration of ozone in it

v 3

decreases, The dual maximum

s R \ P ; of ozone concentration is
0 20 200 p, pfrm 2 ,,,‘f,w - also frequently observed,
/-’/74 ¢ wad o - In the given current




scheme the upper maximum is forming from the ascending air current, and
the lower one — the residual maximum e iz conditioned by the maximum that
forms from the descending currents at ¥ < #/4,This maximum is gradually
destroyed by the ascending flows, and it vsnishea nearly completely in the
lovermoet latitudes, |

It may be seen from these cirves that vertical flows exert a great
influence on the distribution of ozone., The greatest variations of ozone
content take place precisely where the greatést vertical currents are pre~
sent. The horizontal currents aleo affect the distribution of ozone, though
to a considerably lesser degree.

It should be noted also, that there exists an intervel of air cur-
rent's vertical velocity, in which the velocity veriations are most manifest
in the distribution of ozone. Outside the interval of velocity variations
in a settled flow, the effect on ozone distribution is immaterial.

The most’ substantial discrepancy between the results of calcula-
tions and observations consists in the sharply overrated ozone content at
hich latitudes at comparatively low current velocities. This may be par-
tially explained by the fect, that the considered settled flow approaches
more or less the settled flow in resgl atmospheric conditions. This is in .
part because of the distinction between our scheme and that of the work [3],
which consists in thet the latter's currents, directed from soufh to north,
epread to heishts of 70— 80 km, whilenin our scheme, the same volume of
air iz "placed" up to the height of only 37.5 km. That ic why the effective
air velocity is found to be greater in our scheme, It ic nevertheless pos-
eible, that the increased ozone reduction in the lower layers, so far dis-
regarded, (for example, aerosol oxydation, etc.), ought Lo be taken into
account,

In conclusion, the author expresses his thanks to A.KH.KXhrigan
for stating the problem and help in the work, | '

sssse THE END sees
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